This study investigated whether the suppression of hypoxia-inducible factor (HIF)-1α up-regulation prevents high-dose and long-term UVB-induced wrinkle formation and angiogenesis associated with increased matrix metalloproteinase (MMP)-2 and MMP-9 activities. Twenty-four hairless mice were assigned to three groups: 1) control, 2) UVB-irradiation (UVB), and 3) UVB-irradiation followed by hyperoxia (UVB+HO). The backs of the mice were exposed to UVB irradiation three times a week for 10 weeks. To suppress UVB-induced cutaneous HIF-1α up-regulation, the mice were exposed to hyperoxia (90% oxygen) for 2 h immediately after each UVB irradiation. The UVB and UVB+HO groups had significantly increased degrees of wrinkle formation, dermal blood vessel density, and MMP-2 and MMP-9 activities compared with the control group. HIF-1α expression levels were significantly higher in the UVB group than in the control group whereas these levels remained unchanged in the UVB+HO groups. The activity of type 1 collagenase which digests collagen type 1 (a main component of the dermis), was similar in all groups; furthermore, the dermal soluble collagen content was similar in all groups. These results suggest that the suppression of increases in HIF-1α levels alone is insufficient to restrain wrinkle formation caused by higher doses and longer periods of the UVB irradiation that led to the up-regulation of MMP-2 and MMP-9 activities.
Sunlight includes ultraviolet (UV)-B radiation, which induces skin alterations such as wrinkle formation, epidermal thickening, degradation of matrix macromolecules, and local and systemic immunosuppression (7, (10) (11) (12) . Therefore, protection of the skin against UVB exposure is directly related to general health. UVB exposure induces not only wrinkle formation but also cutaneous angiogenesis (4, 14) , which is the formation of new blood vessels from the existing ones and is induced by several angiogenic factors, such as hypoxia-inducible factor (HIF)-1, vascular endothelial growth factor (VEGF), and matrix metalloproteinases (MMPs) (1, 3, 14) . HIF-1 is an αβ-heterodimer that is expressed in various cells such as keratinocytes and endothelial cells in skin tissue. The HIF-1β subunit is constitutively expressed, whereas the intracellular HIF-1α subunit level is tightly regulated by oxygen tension. Under normoxic conditions, the HIF-1α subunit undergoes ubiquitination and proteasomal degradation (6) . Hypoxic conditions prevent these proteolytic processes, resulting in the accumulation of the HIF-1 protein and enhancement of VEGF gene transcription that is driven by HIF-1, which recognizes its promoter (3) . Furthermore, repeated UVB irradiation increases UVB-irradiation (UVB), and 3) UVB-irradiation and exposure to hyperoxic conditions (UVB+HO). The study was approved by the Ethical Committee for Animal Experiments, The University of Tokyo.
UVB irradiation regimen. The backs of these mice were exposed to UVB 3 times per week for a 10-week period according to the method described previously (4) . Briefly, a fluorescent lamp emitting light at a wavelength of 302 nm (Model UVM-57; Funakoshi Co. Tokyo, Japan) was used as a source of UVB. The intensity of irradiation was set at 520 μW/cm 2 when the distance from the surface of the lamp to the object was 15 cm. During irradiation, the height of the lamp was adjusted to deliver 520 μW/cm 2 at the dorsal skin surface of the mice. The initial dose was set at 36 mJ per cm 2 , which was subsequently increased to 54, 72, 108, 144, 162, 180, and 198 mJ per cm 2 at weekly intervals and finally to 216 mJ per cm 2 at weeks 9 and 10. Irradiation performed as per this protocol is known to induce wrinkle formation and increased MMP-2 and MMP-9 activities at 10-week (4).
Hyperoxic exposure regimen.
To suppress UVBinduced HIF-1α up-regulation, we employed hyperoxic conditions in this study. It has been shown that hyperoxic conditions suppress UVB-induced HIF-1α up-regulation at lower doses of UVB irradiation conditions (total dose, 1.2 J/cm 2 ), in which such lower doses of UVB irradiation do not increase MMP-2 and MMP-9 activities (5). The UVB+HO group was exposed to hyperoxia for 2 h immediately after each UVB irradiation using a hyperoxic chamber (Hyperbaric Hyper Oxygen; Medical Science Technologies Co., Gunma, Japan). Immediately after each UVB irradiation, the mouse cages were set in the chamber that was maintained automatically at 90% oxygen. The oxygen concentration was monitored during the experiment.
Evaluation of wrinkle formation. At the end of the experimental period, the mice were anesthetized and replicates of the UVB-exposed dorsal area were obtained using silicon rubber (SILFLO; Flexico Developments, UK) as described previously (15) . The degree of wrinkle formation on each animal was determined according to the grading scale and procedures described previously (4) .
Oxidative damage and antioxidant capacity. To evaluate whole-body oxidative DNA damage, urinary 8-hydroxy-2′-deoxyguanosine (8-OHdG) was VEGF mRNA expression in normal mouse skin, whereas wrinkle formation is inhibited in transgenic mice with skin-specific overexpression of thrombospondin-1, an inhibitor of angiogenesis (15) . In addition, UVB induces the release of proinflammatory mediators, such as interleukin (IL)-1, IL-6, and IL-8, from keratinocytes, and inflammatory cells such as neutrophils may infiltrate the dermis to a greater extent through the increased number of vessels induced by UVB, thus accelerating skin damage (8) . The MMP family comprises more than 20 proteases. MMP-2 and MMP-9 have been studied in detail because they degrade the basement membrane underneath the pericytes and epidermis (4). CG-S27023A, a specific matrix MMP inhibitor, inhibits MMP-2 and MMP-9 activities, leading to the attenuation of chronic UVB-induced basement membrane degradation and wrinkle formation (4) . Although inhibition of MMP-2 and MMP-9 activities alone attenuates UVB-induced wrinkle formation (4), it is unclear whether inhibition of HIF-1α alone can suppress the wrinkle formation and angiogenesis induced by UVB. Lower doses of UVB (total dose, approximately 1.2 J/cm 2 ) and shorter periods (5 weeks) of UVB exposure up-regulate HIF-1α and induce wrinkle formation in mice; however, exposure to hyperoxic conditions immediately after UVB irradiation suppresses HIF-1α up-regulation and wrinkle formation (5) . An important issue that remains unresolved is whether hyperoxia can suppress the angiogenesis and wrinkle formation caused by higher doses and longer periods of UVB irradiation. Although low-dose and short-term exposure to UVB does not influence MMP-2 and MMP-9 activities (5), higher doses affect these activities (4), implying that MMP-2 and MMP-9 contribute greatly to the wrinkle formation induced by higher doses and longer periods of UVB in comparison with HIF-1α. Therefore, we hypothesized that the suppression of HIF-1α up-regulation alone through hyperoxia would be insufficient to attenuate wrinkle formation induced by higher doses and longer periods of UVB. The aim of this study was to investigate the effects of the suppression of HIF-1α up-regulation on wrinkle formation and angiogenesis associated with increased MMP-2 and MMP-9 activities induced by higher doses and longer periods of UVB irradiation.
MATERIALS AND METHODS

Animals.
Male albino hairless HOS:HR-1 mice (aged 8 weeks; n = 24) were used. Twenty-four hairless mice were assigned to 3 groups: 1) control, 2)
Measurements of ATP and collagen concentrations.
For ATP assay, 20 mg of skin sample was homogenized in 2 mL buffer [0.25 M sucrose, 10 mM HEPES (pH 7.4)] and centrifuged (10,000 × g at 4°C for 10 min). Then the ATP concentration in the supernatant was measured using an ATP assay kit (Tissue ATP assay kit; Toyo B-Net Co., Ltd., Tokyo, Japan) according to the manufacturer's instructions. For the collagen assay, another 20 mg of skin sample was homogenized in 1 mL of 0.1 M NaOH solution and stirred for 48 h at 4°C. Then the sample was centrifuged (13,000 × g at 4°C for 10 min) and the pellet was dissolved in 500 μL dissolved buffer (1 mg pepsin/mL of 0.5 M acetic acid) and stirred for 48 h at 4°C. The suspension was centrifuged (13,000 × g at 4°C for 10 min), the supernatant was collected, and total soluble collagen was measured using the Sircol collagen assay kit (Biocolor Ltd., County Antrim, UK) according to the manufacturer's instructions. All experiments were performed in duplicate.
HIF-1α and VEGF protein analyses.
For the HIF-1α assay, nuclear protein was extracted using an extraction kit (EpiQuik Nuclear Extraction Kit I; Epigentek Group Inc., NY, USA). Equal amounts of extracted nuclear protein (40 μg) were separated by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins on the gel were electrically transferred onto a polyvinylidene difluoride (PVDF) membrane (ATTO, Tokyo, Japan) and stained with a reversible PVDF membrane staining kit (MemCode reversible protein stain kit for PVDF membrane; Takara Co., Tokyo, Japan) to check the homogeneous loading and transfer of proteins. The membrane was reacted with a rabbit anti-HIF-1α polyclonal antibody (Novus Biologicals Inc., CO, USA) at 4°C overnight. Horseradish peroxidase conjugated goat anti-rabbit IgG (American Qualex, CA, USA) was used as a secondary antibody. Band densities were determined using the Scion Imaging System (Scion; MD, USA). For the VEGF assay, 30 mg skin sample was homogenized in 1 mL phosphate buffered saline and then centrifuged (5,000 × g at 4°C for 5 min). Then the VEGF concentration in the supernatant was measured using an enzyme-linked immunosorbent assay kit (Quantikine; R&D Systems Inc., MN, USA) according to the manufacturer's protocol, which was standardized against soluble protein concentration. All experiments were performed in duplicate.
Quantitative real-time PCR. Total RNA was isolated from the dorsal skin of mice using Isogen (Nippon measured. Eight-OHdG involves hydroxylation of guanine at the C-8 position and is one of the most abundant oxidative DNA lesions. Twenty-four hour urine samples were collected both before and at the end of the experimental period using a specific cage (Metabolism cage; Tecniplast Co., Tokyo, Japan). Eight-OHdG was determined using a commercially available kit (New 8-OHdG Check; Japan Institute for the Control of Aging, Shizuoka, Japan) according to the manufacturer's instructions. All samples were measured in duplicate. To evaluate whole-body antioxidant power, antioxidant power in serum samples was determined by using the 'PAO-U' test (Japan Institute for the Control of Aging). This assay evaluated Cu + levels derived by reduction of Cu ++ from the action of antioxidant present in the sample. The procedure was performed according to the manufacturer's instructions. All samples were measured in duplicate.
Skin water content. The mice were sacrificed under anesthesia to collect whole blood. The dorsal skin was collected and a section of the tissue was dried at 60°C for 72 h to measure its dry weight. The water content of the skin was calculated as the difference between the wet and dry weights.
Histological analyses. The tissue samples were dissected and frozen in cold isopentane. The samples were serially cross-sectioned to a 10-μm thickness on a microtome cryostat and performed hematoxylin/eosin (H & E) staining to measure the epidermal thickness and Van Gieson's staining to show any pathological abnormalities in collagen. Five different fields of each section were examined at 400× magnification and epidermal thickness greater than at least 20 points was measured randomly for individual cross-sections. Immunohistochemical staining was performed on cross-sections 10-μm thick as described previously (15) using a rabbit anti-mouse CD31 polyclonal antibody (Abcam PLC, Cambridge, UK) or a rabbit anti-mouse laminin polyclonal antibody (Sigma Co., MO, USA). The CD31 protein is a specific endothelial cell marker. Fluorescein-4-isothiocyanate-labeled goat anti-rabbit IgG (Santa Cruz Biotechnology, CA, USA) was used as a secondary antibody. In sections in which laminin was detected, nuclei were detected with 4′-6-diamino-2-phenylindole (DAPI) (Vectashield; Vector Laboratories Inc., CA, USA). Six different fields of each section were examined at 200× magnification and the number of vessels or dermis nuclei per mm 2 was determined.
col. All experiments were performed in duplicate.
Statistical analyses. Intergroup differences in wrinkle grading were examined statistically using the Kruskal-Wallis test followed by the Tukey-Kramer post hoc test. Others were examined statistically by one-way analysis of variance followed by the Fisher's protected least significant difference post hoc test. A P value less than 0.05 was considered statistically significant.
RESULTS
MMP activity and collagen content
Gelatin zymography led to the detection of four distinct bands after a 10-week experimental period: 1) pro-MMP-2 (latent form of MMP-2), 2) pro-MMP-9, 3) active MMP-2 (active form of MMP-2), and 4) active MMP-9 (Fig. 1A) . Pro-MMP-9 analysis was excluded from the study because its level was extremely low. Active MMP-2 and MMP-9 levels were significantly higher in the UVB and UVB+HO groups compared with the control group (Fig. 1B  and C) ; this indicated that the UVB and UVB+HO groups were exposed to higher doses of UVB irradiation for longer periods. Pro-MMP-2 levels were nearly identical in all groups (Fig. 1D) . Active type 1 collagenase activity did not show significant differences among the groups (Fig. 1E) , whereas total type 1 collagenase activity in the UVB and UVB+HO groups increased significantly compared with the control group (Fig. 1F) . Soluble collagen concentration was almost identical in all groups (Table 1) .
HIF-1α and VEGF
UVB exposure significantly increased HIF-1α mRNA and protein levels, whereas hyperoxia suppressed this increase ( Fig. 2A and B) . VEGF protein levels were significantly increased in the UVB and UVB+HO groups compared with the control group (Fig. 2C) . However, the increase in the VEGF protein level in the UVB+HO group tended to be lower than that in the UVB group (P = 0.08; Fig. 2C ).
UVB-induced angiogenesis
Macroscopic images of the underside of the skin showed increased subcutaneous vascularization and enlargement of blood vessels in the UVB and UVB+HO groups (Fig. 3A-C) . The number of CD31-positive endothelial cells in the dermis of the UVB and UVB+HO groups increased significantly compared with that in the control group, indicating that hyperoxia did not suppress the increase in Gene, Tokyo Japan), digested with DNase 1 (RQ 1; Promega, WI, USA). Then the RNA was reversetranscribed using the PrimeScript RT reagent kit (Takara, Tokyo, Japan) according to the manufacturer's instructions. Complementary DNAs (cDNAs) for HIF-1α and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were amplified using Sybr Premix Ex Taq II (Takara). Oligonucleotide primers were used to amplify each cDNA as follows: HIF-1α forward, 5′-GGACGATGAACATCAAGTCAG CA-3′; HIF-1α reverse, 5′-GGAATGGGTTCACAA ATCAGCAC-3′; GAPDH forward, 5′-TGTGTCCGT CGTGGATCTGA-3′; and GAPDH reverse, 5′-TTG CTGTTGAAGTCGCAGGAG-3′. A melt curve analysis was performed to ensure that a single PCR product was amplified. GAPDH was used as an internal control for detecting changes in mRNA expression. Each PCR reaction was run using the Thermal Cycler Dice Real Time System (Takara). All experiments were performed in duplicate. Data quantification was performed with the Thermal Cycler Dice Real Time System software using the 2 −ΔΔ method (13) . Primer amplification efficacies were determined to be approximately equal.
MMP activity. For the MMP-2 and MMP-9 assays, gelatin zymography was performed. A total of 50 mg of skin tissue was homogenized in 1 mL buffer [0.05 M Tris-HCl (pH 7.4), 0.2 M NaCl, 5 mM CaCl 2 , and 0.1% Triton X-100] and centrifuged (8,000 × g at 4°C for 20 min). The supernatant was used for the experiments. Equal amounts of extracted protein (12 μg) were separated by 10% SDS-PAGE copolymerized with 0.2% gelatin (Nippi Inc., Tokyo Japan) and subjected to electrophoresis at 100 V at 4°C for 2 h. Detection and analysis of MMP activities were performed as described previously (4). To detect the activity of type 1 collagenase, 10 mg skin tissue was homogenized in 1 mL buffer [0.05 M Tris-HCl (pH 7.4), 0.2 M NaCl, 5 mM CaCl 2 , and 0.1% Triton X-100] and centrifuged (8,000 × g at 4°C for 10 min). The supernatant was used for detecting the active form of type 1 (active type 1) collagenase. To detect total type 1 collagenase activity, which contained both active and inactive forms, part of the supernatant was reacted with trypsin (1 μg trypsin/100 μL supernatant) to activate the inactive form. After inactivating trypsin using a trypsin inhibitor, the sample was used for detecting total type 1 collagenase activity. Type 1 collagenase activity was measured using a type 1 collagenase assay kit (Primary Cell Co., Ltd., Hokkaido, Japan) according to the manufacturer's proto- Fig. 1 MMP activities in UVB-exposed and hyperoxia-exposed skins. Gelatin zymographic pattern for each condition after a 10-week experimental period (A). Activities of active MMP-2 (B) and MMP-9 (C) in the UVB and UVB+HO groups increased significantly than that in the control group. Pro-MMP-2 activity was roughly the same in all groups (D). Active type 1 collagenase activity was similar among all groups (E). Total type 1 collagenase activity in the UVB and UVB+HO groups increased significantly compared with the control group (F). *P < 0.05; n = 8 for each group. Bars denote SD. Values are mean ± SD. *Significant difference (P < 0.05) compared to the control group; n = 8 for each group.
larization, and increased MMP-2 and MMP-9 activities. These findings were in agreement with those from previous studies (4, 15) . Although higher doses of UVB irradiation increase HIF-1α level and UVB-induced angiogenesis (Fig. 3D-G) .
Wrinkle formation and pathological changes
The degree of wrinkle formation increased significantly after a 10-week experimental period in the UVB and UVB+HO groups compared with the control group (Fig. 4) . Hyperoxia did not attenuate this increase. The epidermal thickness increased significantly in the UVB and UVB+HO groups compared with the control group (Fig. 5A-C and Table 1) . Neither H & E nor Van Gieson's staining revealed any pathological changes in the subcutaneous tissues in any group (Fig. 5A-F) . Skin water content was significantly lower in the UVB and UVB+HO groups compared with the control group ( Table 1) . No significant differences in the level of urinary 8-OHdG and antioxidant power were observed between the groups (Table 1) . Furthermore, no pathological changes in laminin, a component of the basement membrane, were detected after staining in any of the groups (Fig. 6 ).
Nuclear density and ATP concentration
Associated with the increased angiogenesis in the UVB group, tissue ATP concentration was significantly higher compared with that in the control group (Table 1) . Nuclear density of dermis was significantly higher in the UVB group compared with that in the control group (Fig. 6 , Table 1 ). Tissue ATP concentration in the UVB+HO group showed a slight increase compared to the control group, although it was not significant ( Table 1) . Although increased angiogenesis was observed in the UVB+HO group, nuclear density did not increase significantly compared to that in the control group (Fig. 6 , Table 1 ).
DISCUSSION
Exposure to sunlight induces various changes in the appearance and functions of the skin. UVB efficiently interacts with the skin and causes alterations, like epidermal thickening, wrinkle formation, subcutaneous vascularization, and immunosuppression, at local and systemic levels (3, 7, (10) (11) (12) . Therefore, the prevention of UVB-induced skin damage can help maintain general health in humans. This study focused on wrinkle formation, angiogenesis, and increased MMP-2 and MMP-9 activities caused by higher doses and longer periods of UVB irradiation, and confirmed that higher doses (almost 4.2 J/cm 2 ) and longer periods (10 weeks) of UVB irradiation induced wrinkle formation, epidermal thickening, up-regulation of HIF-1α level, subcutaneous vascu- Fig. 2 Effects of higher doses of UVB exposure on the expression of HIF-1α and VEGF. UVB exposure significantly increased HIF-1α mRNA (A) and protein levels (B), whereas hyperoxia suppressed these increases. The photograph in (B) shows HIF-1α protein levels detected by western blotting. The UVB group significantly increased VEGF protein levels (C). The UVB+HO group also showed an increased VEGF protein level, but the levels showed a lesser tendency to increase than that observed in the UVB group. *P < 0.05; n = 8 for each group. Bars denote SD. MMP activities, CGS27023A, an MMP inhibitor, attenuates UVB-induced wrinkle formation and basement membrane degradation, indicating that inhibition of MMPs alone can attenuate wrinkle formation induced by UVB (4). Exposure to hyperoxic conditions for 2 h immediately after exposure to lower doses (almost 1.2 J/cm 2 ) and shorter periods (5 weeks) of UVB irradiation can attenuate wrinkle formation and angiogenesis (5) . However, it is unclear whether hyperoxic conditions have beneficial effects at higher doses and longer periods of exposure because lower doses and shorter periods of UVB irradiation do not up-regulate MMP-2 or MMP-9 activities. In this study, hyperoxic conditions suppressed UVB-induced up-regulation of HIF-1α level, but did not attenuate wrinkle formation or angiogenesis, indicating that the inhibition of HIF-1α up-regulation alone is insufficient to attenuate these two outcomes when MMP-2 and MMP-9 activities increase. The dose of UVB used in a previous study was about 1.2 J/cm 2 , whereas in our present study, the dose used was about 4.2 J/cm 2 . The 1.2 J/cm 2 dose did not decrease the water content of skin, whereas the 4.2 J/cm 2 dose did, indicating that severe damage occurs after higher doses and longer periods of UVB irradiation. Therefore, MMP-2 and MMP-9 may be the key factors responsible for the acceleration of UVB-induced wrinkle formation and angiogenesis rather than the HIF-1 signaling pathway. A previous study demonstrated that lower doses and shorter periods of UVB irradiation increased HIF-1α mRNA and protein levels, radiation regardless of exposure to hyperoxic conditions. Therefore, suppression of increases in HIF-1α levels alone is insufficient to suppress wrinkle formation caused by higher doses and longer periods of UVB irradiation that led to up-regulation of MMP-2 and MMP-9 activities.
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